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Abstract: Accelerating the deployment of Photovoltaic (PV) systems is a key contributing factor in
achieving climate neutrality. Even though solar power is one of the cheapest energy sources and
its deployment is growing rapidly around the world, an even faster growth is required to achieve
existing climate goals. Besides the role that finance and permitting can play as enablers or barriers
to this, the key elements to enable fast PV deployment are the use of education, and science and
data-driven tools to empower citizens, installers, and investors to make their decisions based on
robust scientific evidence. This perspective article aims to summarize the key concepts presented and
discussed during the side event at COP27 on PV resources towards climate neutrality. The article will
accomplish this by highlighting two key aspects: (1) the advantages of using solar-related education
and data-driven tools, and (2) showcasing the significance of education, improved data and tools,
community involvement, and PV mapping in expediting the deployment of PV systems.

Keywords: solar PV; solar energy; PV deployment; climate neutrality; COP27; online education;
data-driven tools

1. Status of PV Deployment towards Climate Neutrality

There are a wide range of models predicting how much solar electricity can contribute
to helping achieve climate neutrality. The average of the 311 Integrated Assessment Report
scenarios used in the IPCC 1.5 ◦C Special Report [1] was 12.5 PWh/year. Estimates of
researchers in the PV community reveal that in 2050 solar electricity could contribute
41 to 96 PWh/year [2,3]. The corresponding installation figures would be between 10 and
67 TWp of solar photovoltaics.

At the end of 2021, the worldwide installed capacity of photovoltaic electricity gen-
eration systems was 965 GWp and the European Union accounted for roughly 18% or
171 GWp [4]. In 2022, the benchmark of 1 TW was reached and with an annual addition
of about 230 GWp at the end of the year, the total of 1.2 TWp was exceeded [5]. The EU
installed over 41 GWp in 2022, less than half that of China with 98.3 GWp. While a lot of the
recent PV capacity additions can be attributed to utility-scale projects, the early success of
PVs can be largely attributed to the cost reduction through technological learning, scale-up,
and the necessary industrialization efforts, which were spurred by the rooftop PV programs
implemented in countries such as Japan and Germany [6]. These were complemented by
educational efforts and student exchange programmes that allowed the development of
entrepreneurship, for example, in PV manufacturing in China [6,7]. In some countries
today, private individuals still own large shares of renewable capacity, such as in Germany,
with 30% in 2019 [8].
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In recent years, the deployment of rooftop PVs has again gained importance, and in
2022, 48% of the PV additions worldwide were rooftop PVs [9] (see Figure 1). Especially for
the installation of small-scale PVs, local learning continues to play an important role [6]. To
accurately assess the bankability of PV projects before installation, be it utility or small scale,
GIS-based solar radiation information has evolved as an essential decision support [10].
Especially for small-scale projects, offering these GIS tools as a freely accessible service is
an important public good.
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policies that are targeting an acceleration in rooftop PV deployment: the European Union 
with the European Solar Rooftops Initiative in 2022 [13], China with the Whole County 
PV program in 2021 [14,15], and the United States with, e.g., the launch this year, 2023, of 
the $7 billion competition to fund residential solar programmes [16]. For regions with a 
lack of access to clean electricity, such as Sub-Saharan Africa, smaller-scale PV projects 
with local mini-grids play a key role in improving the living conditions of their citizens. 
While financial incentives and grants play a key role in related support programmes, pub-
licly accessible decision-support tools driven by education and science can play a critical 
role in ensuring the success of these support policies [17,18].  

In this perspective paper, in Section 2, we introduce the side event on PV resources 
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we first outline some of the more evident benefits of education and science-driven tools 
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ments for education (Section 5.1), data-driven tools (Section 5.2), and the consideration of 
local communities (Section 5.3), which have already shown their relevance in the PV sec-

Figure 1. Evolution of PV installation globally segmented between distributed and centralised.
Source: IEA PVPS 2023 [5]. Reproduced with permission from IEA PVPS (Task 1 Strategic PV
Analysis and Outreach), from Snapshot of Global PV Markets 2023; published by IEA PVPS, 2023.

A faster deployment of solar energy installations is needed for the transition to-
wards climate neutrality [1]. Except for countries without land-use constraints, this re-
quires more rooftop PVs and other more innovative forms of deployment, such as Agri-
Photovoltaics [11] or floating PVs [12]. Consequently, many world regions continue to
invest in policies that are targeting an acceleration in rooftop PV deployment: the Eu-
ropean Union with the European Solar Rooftops Initiative in 2022 [13], China with the
Whole County PV program in 2021 [14,15], and the United States with, e.g., the launch
this year, 2023, of the $7 billion competition to fund residential solar programmes [16]. For
regions with a lack of access to clean electricity, such as Sub-Saharan Africa, smaller-scale
PV projects with local mini-grids play a key role in improving the living conditions of
their citizens. While financial incentives and grants play a key role in related support
programmes, publicly accessible decision-support tools driven by education and science
can play a critical role in ensuring the success of these support policies [17,18].

In this perspective paper, in Section 2, we introduce the side event on PV resources at
COP27 and mention some of the challenges observed for PV deployment. In Section 3, we
first outline some of the more evident benefits of education and science-driven tools for PV
deployment. In Section 4, a short overview of education and science-driven tools in the
solar domain is presented. In Section 5, we showcase a few specific existing instruments
for education (Section 5.1), data-driven tools (Section 5.2), and the consideration of local
communities (Section 5.3), which have already shown their relevance in the PV sector, and
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which were presented at the COP27 side event. Through a forward-looking perspective,
we analyse in Section 6 some of the strengths, weaknesses, opportunities, and threats of
these tools.

2. COP27 Side Event on PV Resources towards Climate Neutrality

Recognising all these needs, in November 2022, the European Commission organized
an online European Union side event at COP27 on PV resources towards climate neutrality.
Speakers presented the latest developments on PV mapping for cities, complemented by
African ground experience at a local level for energy policy implementation. They also
showed the relevance of distance-learning experiences for solar energy and the importance
of continuing to support cost-free tools for solar energy assessment, such as the PVGIS
or the SolarCity simulator. This side event on PV resources was in the top 20% of the
most viewed EU side events with 137 unique viewers (on the streaming platform used for
COP27 alone). This perspective article provides a summary of the COP27 side event. At the
event, attendees were asked to provide their input on what they thought were the crucial
challenges to deploying solar PV faster. Figure 2 depicts a word cloud that highlights the
audience’s perception of the main barriers hindering the faster scale-up of solar PVs, which
include permitting, finance, the lack of electricity storage, and excessive bureaucracy.

Energies 2023, 16, x FOR PEER REVIEW 3 of 18 
 

tor, and which were presented at the COP27 side event. Through a forward-looking per-
spective, we analyse in Section 6 some of the strengths, weaknesses, opportunities, and 
threats of these tools. 

2. COP27 Side Event on PV Resources towards Climate Neutrality 
Recognising all these needs, in November 2022, the European Commission organized 

an online European Union side event at COP27 on PV resources towards climate neutral-
ity. Speakers presented the latest developments on PV mapping for cities, complemented 
by African ground experience at a local level for energy policy implementation. They also 
showed the relevance of distance-learning experiences for solar energy and the im-
portance of continuing to support cost-free tools for solar energy assessment, such as the 
PVGIS or the SolarCity simulator. This side event on PV resources was in the top 20% of 
the most viewed EU side events with 137 unique viewers (on the streaming platform used 
for COP27 alone). This perspective article provides a summary of the COP27 side event. 
At the event, attendees were asked to provide their input on what they thought were the 
crucial challenges to deploying solar PV faster. Figure 2 depicts a word cloud that high-
lights the audience’s perception of the main barriers hindering the faster scale-up of solar 
PVs, which include permitting, finance, the lack of electricity storage, and excessive bu-
reaucracy.  

 
Figure 2. Word cloud of challenges to deploying solar PVs faster from some of the live participants 
at COP27 EU side event on PVs. Source: own elaborations on feedback from COP27 side event par-
ticipants. 

Compared to 2010, the worldwide benchmark price for residential PV systems has 
decreased from USD 6290 per kWp to USD 1830/kWp in the first half of 2023 [19]. In com-
petitive markets like that of Australia, system prices are well below USD 1000/kWp. The 
system price for residential PV installations is very dependent on building codes, permit-
ting requirements, and the competitiveness of the local PV market. Despite similar hard-
ware prices, the pricing of residential systems is different than that of large systems, where 
international competition drives down system prices. The International Energy Agency 
(IEA) estimates that the annual investments in Africa fall short of being sufficient to 
achieve access and sustainability targets by more than half [20]. The affordability and risks 
are key elements in financing energy access in Africa. In developing countries, the absence 
of financial support (i.e., subsidies and grants) has hindered many energy access projects. 
Without these, project developers cannot mobilise enough capital for energy access pro-
jects. The unprecedented cost decrease can help to alleviate the affordability issue (IRENA 
statistics showed that globally the weighted average total installed cost of PV projects 
commissioned in 2021 was USD 857/kilowatt (kW), 82% lower than in 2010) [21]. Invest-
ment in Sub-Saharan African countries is considered more risky, as the financial market 
has three times higher capital costs than those of developed countries. The majority of the 

Figure 2. Word cloud of challenges to deploying solar PVs faster from some of the live partici-
pants at COP27 EU side event on PVs. Source: own elaborations on feedback from COP27 side
event participants.

Compared to 2010, the worldwide benchmark price for residential PV systems has
decreased from USD 6290 per kWp to USD 1830/kWp in the first half of 2023 [19]. In
competitive markets like that of Australia, system prices are well below USD 1000/kWp.
The system price for residential PV installations is very dependent on building codes,
permitting requirements, and the competitiveness of the local PV market. Despite similar
hardware prices, the pricing of residential systems is different than that of large systems,
where international competition drives down system prices. The International Energy
Agency (IEA) estimates that the annual investments in Africa fall short of being sufficient
to achieve access and sustainability targets by more than half [20]. The affordability and
risks are key elements in financing energy access in Africa. In developing countries, the
absence of financial support (i.e., subsidies and grants) has hindered many energy access
projects. Without these, project developers cannot mobilise enough capital for energy
access projects. The unprecedented cost decrease can help to alleviate the affordability
issue (IRENA statistics showed that globally the weighted average total installed cost of PV
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projects commissioned in 2021 was USD 857/kilowatt (kW), 82% lower than in 2010) [21].
Investment in Sub-Saharan African countries is considered more risky, as the financial
market has three times higher capital costs than those of developed countries. The majority
of the projects are unable to fully recoup the investment costs from users. De-risking and
supporting consumers is vital. Apart from additional financing instruments, all forms of
knowledge sharing can contribute to de-risking the projects.

In the COP27 side event on solar PVs, the audience also pointed out other challenging
factors, such as public acceptance, social aspects, communication, and political commitment.
Aspects that could foster a faster PV deployment, such as potential analysis and online
tools, were also mentioned.

3. The Role of Education, and Science-Driven Tools for PV Deployment

As mentioned above, there is an urgent need to drastically increase PV deployment
everywhere to achieve climate neutrality. To support this, and at the speed we need it, it is
essential to use data-driven tools and make the right investment in relevant and up-to-date
education on the topic. Some of the key benefits of this are:

• The availability of non-commercial tools that are easy to use can help citizens assess the
installation potential of solar PVs on their rooftops. This could boost the deployment
of more decentralized and distributed systems for self-consumption and increase the
share of prosumers. With these tools, homeowners can then have an easy way to make
a first assessment before reaching out to specialized companies, and they can also use
these tools as independent sources for comparison.

• Some companies working in the solar sector, especially small ones, benefit from non-
commercial specialized software as part of their process, as they may not have the
critical mass to develop their own tools for this or buy the required licenses.

• The use of reliable tools can assist in increasing confidence in PV investments, as
potential investors can rely on data-driven information, ideally from several sources,
before venturing into these investments.

• Many researchers also tend to prefer non-commercial tools for their analyses, especially
tools that they trust will continue to be maintained and updated in the future. Open-
source software, in particular, enables researchers to add newer functionality and have
a deeper understanding of the existing version.

• For decision-makers and local governments, it is essential to have access to the right
tools to help make informed decisions.

• Solar education is also a good investment. Having more people educated on solar
matters can help scale up in the medium-long term and make sure the job market
on the topic will be able to fill the necessary positions with the required expertise.
Another benefit of non-commercial tools and online courses is that they can be used
for educational purposes at no extra cost for the institutions or the users.

• There is an increasing focus on the public acceptance of photovoltaics, in the context of
land use limitation and aesthetics, but also more and more conversations focus on the
importance of citizen engagement, for which both solar education and non-commercial
tools can be relevant enabling tools.

• It is essential to further consider the specific needs of local communities in combination
with these tools to make sure the needs of local stakeholders at different levels are
taken into consideration, as we will showcase below.

At the COP27 side event and in this perspective paper, we focus on a small selection
of educational and science-driven tools for the support of PV deployment and showcase
the synergies that could further help accelerate solar deployment.

4. Overview of Educational and Science-Driven Tools to Support PV Deployment

There is a wealth of existing tools for education on and resource assessment of PVs.
One of the first online learning resources developed for education on PVs is PVeduca-
tion.org, which was launched in 2008 [22]. Since then, other online courses have followed,
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such as the Massive Online Open Course (MOOC) on solar energy from TU Delft that
we will delve into below, or more specialised programmes, such as an online course on
Building-Integrated Photovoltaics that has been developed by a consortium of several
universities [23].

With the increasing deployment of PVs, a larger number of GIS-based solar resource
assessment tools have been developed. In 2001, the PVGIS was among the first tools that
had been made publicly available [24]. There are other non-commercial solar software
alternatives, such as NREL’s PVWatts mainly for U.S.A. [25] or SAM [26], and a variety
of commercial alternatives, for example, the SolarGIS, Meteonorm, Aurora, HelioScope,
PVSyst, PVcase, Solcast, PV*SOL, Anderson Optimization, pvDesign, Energy Toolbase, or
Terabase. They cover and specialize in different aspects of the PV plant lifecycle, including
finance simulations.

Recently, several tools have been published that focus on supporting photovoltaic
deployment in cities and urban areas [27,28], considering also the integration with cultural
heritage and protected areas [29]. There has been a rapid development of a wide range
of solar cadastres including rooftops and, sometimes, façades [30–35], with more recent
research being on dynamic solar cadastres, which shift from annual sums to time series of
higher granularity [36]. A broader review of the tools for urban decarbonisation is presented
in [37], including spatio-temporal energy-modelling tools for integrated demand–supply
analyses of urban energy systems at district and city scales.

5. Showcases

This section presents examples of four initiatives, in the context of education and
science-based open tools, which are contributing to facilitating the increase of solar PV
installations in different ways. They were presented and discussed at the COP27 side
event: (1) solar-related education from the Delft University of Technology, (2) the SolarCity
simulator by IRENA, (3) the PVGIS by the European Commission, and (4) the EU-funded
studies in Benin. The authors acknowledge that there exist many other successful examples,
and this paper does not intend to make a comprehensive collection of these, but only
showcase a few of them covering different aspects concerning PV deployment.

5.1. Education on PV Profiles: Delft University of Technology

The Delft University of Technology is located in the Netherlands and represents one of
the top engineering universities in Europe (TU Delft Rankings: online-learning.tudelft.nl/
rankings, last visited on 30 November 2023). The university has a strong portfolio on energy
transition that was pioneered in 2013 with the release of the first MOOC on Solar Energy.
This MOOC addresses topics relevant to PV solar-cell engineering at the undergraduate
university level, from the basics of semiconductor physics and optics to the design of simple
PV systems. This MOOC has quickly become very popular worldwide, underlining the
need for education in this field.

With the expansion of the PV field, the number of jobs in this field is increasing cur-
rently at a rate of more than 2 jobs per MWp installed PV power (see Figure 3, where
information from Page 118 in REN21 [38] and Page 11 from IRENA [39] has been consid-
ered). According to the annual review of IRENA [39], since 2013, more than 250,000 jobs
have been created worldwide per year for solar PVs. Currently, the total number of direct
and indirect jobs in the global photovoltaic sector is 4.3 million. For many jobs, at least
some basic understanding of PV solar cells and PV systems is needed, implying a strong
case for engineering education in this field. In addition, the largest PV potential is situated
in areas of the world where access to high-level engineering education is limited. Therefore,
both the increase in the number of people intending to work in the PV field, as well as the
access to engineering education, are valid motivations for the development of education in
this field.
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At the Delft University of Technology, a PV profile consisting of a set of courses has
been developed with the aim of educating (young) engineers for the societal demand
for PVs everywhere. This profile consists of a so-called MicroMasters developed for the
Extension School of the Delft University of Technology by the research group Photovoltaic
Materials and Devices. In this MicroMasters, students with a relevant undergraduate
engineering background follow online master-level courses, starting from fundamental
concepts in the online course of Photovoltaic Energy Conversion to more advanced aspects
in the courses of Photovoltaic Technologies and Photovoltaic Systems. These courses
are based on accredited on-campus versions that run in master programmes at the Delft
University of Technology. On top of the MicroMasters, a range of courses is offered that
enables students to deepen their knowledge and skills in specific topics, preparing students
for particular positions in the PV field.

Both the MOOC and the MicroMasters courses are in high demand (>half a million
learner enrolments), including students from developing countries. An analysis of the data
has shown that 25% of the participants are students, whereas 75% are professionals who are
working (sometimes for knowledge uptake, sometimes while considering changing their
careers). Participants of all ages (from 16 up to 79) have followed the MOOC. In 2013, only
16% were female, and since 2013 we have seen the relative female participation growing
from 1% per year to 25% in 2022. One of the latest courses designed and offered during the
COVID period is Virtual PV lab, in which the on-campus exercises of the PV education lab
are mimicked in an online environment.

The impact of online education is that one can reach out to a significant number of
learners who, for various reasons, do not have access to a high-quality education on solar
energy. Thanks to the knowledge provided in the online courses, some learners improved
their access to electricity by constructing their own photovoltaic systems at home or in
their villages. They were empowered to become local game changers. Among many
other instances, the impact of online courses can be observed through various examples,
such as learners being motivated to establish their own businesses in the solar energy
sector, creating specialized financial products to expedite the integration of solar electricity,
utilizing the educational materials to teach solar electricity in their respective regions,
initiating BSc and/or MSc programs focused on the energy transition, and making career
transitions to work in the solar energy industry.
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5.2. Science-Based Tools
5.2.1. SolarCity Simulator—IRENA

Through the Global Atlas for Renewable Energy initiative, IRENA supports coun-
tries in their transition to sustainable energy systems by developing web-based geospatial
information tools for renewable energy assessments. These tools, which include the So-
larCity simulator, provide countries with the knowledge to inform renewable energy project
planning, policy design, target setting, and market development.

The SolarCity simulator (solarcity.irena.org, last visited on 30 November 2023) assists
cities seeking to access affordable and reliable energy from rooftop-mounted solar photo-
voltaic (PV) systems, lower their carbon footprints, and encourage community participation
in the energy transition. The simulator is designed to help households, businesses, and
municipal authorities evaluate the prospects for generating electricity and revenue from
such installations. Figure 4 shows a screenshot of the graphical user interface of IRENA
SolarCity simulator.
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Figure 4. Screenshot of the IRENA SolarCity simulator (Source: IRENA, 2023).

The simulator maps solar energy potential at high spatiotemporal resolution to support
project planning and development at the city level. It allows users to assess: (i) the technical
potential for different installation scenarios (capacity, panel efficiency, storage) to facilitate
target setting; (ii) the financial potential for three case studies (homeowners, investors,
governments) to facilitate solar program development; and (iii) the impact of different
policy interventions (feed-in tariffs, subsidies, tax credits, and net-metering) on the rooftop
solar PV market, as well as their associated social and environmental benefits.

The SolarCity simulator methodology utilises:

• A power generation model to estimate the hourly electricity production for each
square metre of a given rooftop, based on the city’s typical solar resource profile
and 3D building footprint obtained from high-resolution satellite imagery, while also
considering the shade and building orientation.

• A simplified financial model to calculate a range of economic indicators, such as the
payback, equity internal rate of return, and investment cash flow, based on the city’s
local context.

• Simple metrics to estimate the socio-environmental benefits of sourcing electricity
from rooftop solar PV systems, such as the annual avoided carbon emissions, the
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equivalent number of tropical trees planted, the equivalent number of cars taken off
the road, and the number of jobs created.

This methodology has been deployed cost-effectively worldwide, including in loca-
tions where the solar potential is high but underutilised. The simulator was first imple-
mented for the districts of Kasese in Uganda and Chongli in China. The methodology
has since been scaled up for application in other cities and geographies, including the
coastline of Antigua and Barbuda, San Salvador in El Salvador, Bamako in Mali, Port Louis
in Mauritius, Ulaanbaatar in Mongolia, Port Louis in Mauritius, Simra-Birgunj in Nepal,
three markets in Nigeria, Castries in Saint Lucia, Sao Tome in Sao Tome and Principe,
Victoria in the Seychelles, Khartoum in Sudan, Sahinbey in Türkiye, and Abu Dhabi island
in the United Arab Emirates.

The next phase in the development of the SolarCity simulator will see a scaling up of
the methodology to support more cities, with a view to accelerate the deployment of rooftop
solar PV systems. New functionalities will also be integrated within the business case
study to further support decision-making, together with improvements in the localisation
of buildings and the visualisation of outputs.

5.2.2. The PVGIS—JRC European Commission

The Joint Research Centre of the European Commission has been supporting the
uptake of photovoltaics for more than 20 years with its online Photovoltaic Geographical
Information System (PVGIS, re.jrc.ec.europa.eu, last visited on 30 November 2023). Today,
this is even more relevant in view of the EU’s commitment to a 55% greenhouse gas
reduction by 2030, which requires at least a three-fold increase in the installed PV capacity,
and the new commitments in the EU Solar Energy Strategy 2022 [13], for the European
Solar Rooftops Initiative and for the EU building Renovation Wave [40].

The PVGIS is a web application that allows citizens to extract PV-related data for any
location in most parts of the world. More specifically, it provides PV production estimates
for different technologies, hourly or aggregated solar radiation, and Typical Meteorological
Year (TMY) data. The user can add battery capacity as an additional option including the
power consumption profiles in order to assess the viability of battery storage. Figure 5
shows a screenshot of PVGIS frontend.
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It is available for free in five languages (English, French, German, Italian, and Spanish),
with no need to register. In addition, it provides an API for more automatic access and for
large-scale requests, to create maps, and to embed it into other tools.

The PVGIS started off using ground station data that was 3D interpolated to cover
wider areas. The accuracy, spatial, and time resolution have increased over time, thanks
to the incorporation of better satellite and reanalysis products that were gradually made
available. In 2022, a new release of the PVGIS, version 5.2 [41,42], has been made available
to users, providing worldwide coverage and more accurate and updated datasets from
CMSAF SARAH2 and ECMWF ERA5. Most climatic variables are now obtained from
ERA5-Land. This has required a set of data transformation routines to convert the data
sources into PVGIS datasets, as well as a patching routine to cover the coastlines with
interpolated data from ERA5.

The PVGIS already has a 20-year successful track record. Additionally, its use has
significantly grown in 2022, with 6 million unique users and almost 800 million hits, which
represents an 85% and 72% increase, respectively, over 2021. Figure 6 shows the progress in
terms of unique users from 2018, the moment from which statistics started to be collected.
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As the PV sector grows rapidly, independent, publicly accessible, and free-to-use
information sources remain important for citizens and communities all over the world. The
PVGIS is a pioneer tool that has become a reference in the sector. Its results can be used as
an independent source both for users, installers, and even project developers.

5.3. The Added Value of Considering Local Communities

To offer a snapshot of the role that data-driven tools play in energy policy design
and energy planning, we present here examples of three EU-funded initiatives aimed at
supporting the development of the energy sector in Benin.

Benin has identified access to modern energy as being key to its economic and social
development. Since 2016, the Government of Benin has embarked on a sector reform that
has seen a real transformation of the legislative and regulatory framework, promoting
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sustainable investments in energy infrastructure, including the private sector, and reinforc-
ing its political guidance and the management and control capacities of the state-owned
entities in charge. The objectives of the Government Action Program (PAG) from 2021–2026
are highly ambitious: (i) the rate of self-sufficiency for electric energy production is set to
increase from 60% in 2020 to 116% by 2026, which means that Benin would transition in
this time-frame from an electricity importer to an exporter; (ii) access to electricity is set to
increase from 36.45% in 2020 to around 44.40% by 2026; and (iii) the share of renewable en-
ergy in the energy mix is set to increase from only 2% in 2020 to 39% by 2026 (Benin national
statistics, Directorate-General for Energy Resources, 2020 and Benin’s PAG 2021–2026 [43]).

Solar energy is of major importance in achieving all of these objectives, given the
country’s significant solar potential. Solar energy in Benin is available and well-distributed
across the country with a certain consistency throughout the year, despite a seasonal varia-
tion of about 16 to 17% on average. The map of the annual Horizontal Global Irradiation
of Benin over the period from 1994 to 2018 shows an annual average of 2045 kWh/m2 in
the north, 1826 kWh/m2 in the centre, and 1753 kWh/m2 in the south. This leads to an
average annual potential of 1607 kWh/kWp in the north, 1461 kWh/kWp in the centre,
and 1314 kWh/kWp in the south (Atlas of renewable energies of Benin, 2023). While the
penetration rate of solar PV energy in Benin’s energy mix is still low, the commissioning
of the solar PV power plant of 25 MWp in Illoulofin (Defissol project) in 2022 has brought
important progress. Further advances will be made with the planned doubling of its capac-
ity by 2024 and the upcoming commissioning of four solar PV power plants in Bohicon,
Parakou, Djougou, and Natitingou for a total capacity of 50 MW.

In line with the priorities of the Government of Benin and with SDG 7, the European
Union’s cooperation in the energy sector in Benin intervenes at two levels: (i) it promotes
investments in access to electricity, renewable energies, and energy efficiency, and (ii) pro-
vides institutional support and capacity building for the benefit of the sector’s main actors.
Through the program of capacity building RECASEB [44], the EU is financing two projects
aimed at developing tools to support decision-making and strategic orientation in the sector
and facilitate open access to information and documentation:

• The Study on the Atlas of renewable energies of Benin [45] has developed a detailed
mapping of relevant renewable energy sites (solar, micro-hydro, wind, biomass, tidal)
and proposes, in line with national sectoral policies, the most attractive technologies
for developers, particularly by determining their levelized cost of electricity (LCOE).
The government can use the Atlas as a database of bankable renewable energy projects
when setting its priorities, while donors, investors, and developers can use it when
targeting specific technologies and/or areas of intervention. To further increase the
benefit of rendering the tool accessible to all concerned actors, an interactive website
accompanies the Atlas. A multi-criteria analysis of solar PV potential in the three
climatic zones of Benin led to the pre-selection of 25 potential sites in the northern zone,
18 in the central zone, and 36 in the southern zone suitable for the implementation of
solar PV power plants of between 5 and 50 MWp. Figures 7 and 8 show how the Atlas
of renewable energies of Benin can be used to map selected PV solar sites and what
type of information is made available for a potential PV solar site.

• The project of the National Energy Information System in Benin (SINEB) [46] has
developed and will operationalize an open data-oriented platform to share information
and documentation related to the country’s energy sector. The SINEB will also be
an online tool for the government to elaborate on the sector’s development strategy
and the monitoring of its implementation, including through the elaboration of the
country’s annual energy balance sheet. It will allow for a faster and more efficient
collection of data, harmonized methodologies, and therefore, more reliable data and
statistics. The system will be managed through contribution and validation profiles
but will also be open to the public.
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Figure 8. Details of potential PV solar sites in the Djougou area. The stars represent the four potential
solar sites and the details in the legend correspond to Site 4 (represented by the star right below the
legend). Source: Atlas of renewable energies of Benin, 2023 [45]. Reproduced with permission from
the Ministry of Economy and Finances of the Republic of Benin.

It is key that the PV mapping tools are adapted to local contexts and that they integrate
into their design the needs of local actors at all levels—decision-makers, project developers,
investors, and consumers. The involvement of all actors and a certain degree of ownership-
taking can further ensure the accuracy of the tools, their suitability for the intended users,
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and their high utility and durability. Both tools have therefore been developed under the
supervision of the Directorate for Energy Planning, Rural Electrification and Regulation
(previously, the Directorate-General for Energy Resources) of the inline ministry, and
through a participative approach, with the involvement of all concerned structures, and
the consultation of donors and financing institutions. Particular attention was given to
providing training and capacity-building support to the teams of the final beneficiaries and
ensuring the transfer of know-how of the tools’ proper maintenance and upgrade.

Benin has been selected as a pilot country to test the open-access Clean Energy Access
tool [47,48] developed by the JRC in the framework of the Africa Knowledge Platform [49].
The tool focuses on the electrification of health centres in Benin (see Figure 9), providing
a cost estimation of the health centres’ electrification with PVs and autonomous battery
systems, an estimation of the power demand, and allowing thus for the optimization of
PVs and battery size to meet the demand. The raw data used derives from articles, studies,
and open source data, combined with data from other ongoing projects on the ground
and benefitted from consultation with the Beninese Ministry of Energy, Ministry of Health,
and the Agency for Sanitary Infrastructure, Equipment, and Maintenance. The tool can be
further extended to cover educational centres and other consumers, depending on their
needs, and shows a high potential for contributing to the preparation of the project for
the electrification of 750 socio-community infrastructures, which is identified as a priority
project in the PAG 2021–2026.
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6. Discussion

At the end of the COP27 event on PV resources towards climate neutrality, attendees
were asked to provide ideas about how they thought the impact of PV mapping could be
improved. The answers included the use of better data, local best practices, the engagement
of local communities, education, and an increase in weather stations. From the event, it was
highlighted how 75% of the world’s population lives in an area that has good solar potential,
the solar belt, with a rather uniform distribution throughout the year [50]. There is a need
to translate that into actual deployment with a strong emphasis on simplified educational
concepts and easy access to PV resource information, which was covered during the event.
Additionally, it is crucial to consider the local circumstances and available resources when
implementing these initiatives, the specific needs of urban and rural environments, the off-
grid systems, and a special focus on educational and health facilities for, e.g., sub-Saharan
Africa. Financing, permitting, and stakeholder involvement are very important, and we
believe information systems and education can be a powerful way to create confidence in
PV investments.
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During the stakeholder discussion, many of the complementarities between the on-
line science-driven tools for electrification, resource mapping, and remote teaching were
highlighted. Online training could obtain location-specific information that can be fed into
the tools, and the tools could be excellent means for certain aspects of the online trainings.
In order to explore this in more detail, following the COP27 side event, with the help of
selected experts who are contributing to this perspective article, we performed a SWOT
analysis for both domains to identify the concrete cooperation possibilities. The relevant
information was collected in a SWOT structure to better organise the different perspectives
of the stakeholders to enable optimal policy strategies to move forward. It is not based
on a large sample of statistical data (the overall participant numbers were 100+, and the
sample representativeness cannot be guaranteed in an event like this), but rather it reflects
the experts’ opinions on ranking their inputs. We selected the SWOT analysis as it presents
the preference structure in a plausible way in cases where collecting large sample statistical
data is not possible. Thus, Table 1 presents the strengths, weaknesses, opportunities, and
threads of online science-driven tools; whereas Table 2 focusses on Remote training.

Table 1. Online science-driven tools. Source: own elaboration based on expert feedback.

Strengths Weaknesses

• High-resolution spatiotemporal data
• Geographic presentation of results
• Global outreach
• High number of users
• User-friendly tools
• User interaction
• Advanced Web-GIS technologies and models
• Contextual information

• Difficulties obtaining local data in some cases
• Complex development process
• Extensive and costly data processing needs to develop and

maintain the tools
• Reliability and bandwidth issues
• Requires strong IT infrastructure, regular support,

maintenance, and update

Threads Opportunities

• Fast-changing environment
• Updating, debugging, and maintenance can require

permanent/extra resources
• Integrating more parameters can increase the complexity

of the tools

• Potential integration of relevant parameters for
decision-making (energy policies and energy planning)

• Enhanced collaboration between institutions
• Opportunities for renewable project development
• Potential for integration across different platforms
• Reliable source for project identification and prioritization

by public and private investors
• Can contribute to reinforced monitoring of policy targets

(NDC, SDG, etc.)
• Can be used as educational tools

Table 2. Remote Training. Source: own elaboration based on expert feedback.

Strengths Weaknesses

• Fast outreach
• High number of participants
• More diverse classrooms in terms of geographic

representation and, therefore, more diverse local contexts
• Potential integration of local communities’ knowledge
• Easy to scale up for vocational training
• Online support material
• Low cost
• Facilitate tailor-pace learning

• Indirect feedback
• Limited networking opportunities compared to live classes
• Network connection can be challenging
• Lack of access to laboratory & special equipment for

training
• Language barriers (if applicable)

Threads Opportunities

• Difficulties in measuring impact
• Reluctance in recognizing online education certificates
• Competition with existing education institutes
• Replacement of local education institutions

• Expansion potential
• Can include local knowledge
• Dedicated course development
• Ample room for innovation (e.g., virtual laboratories)
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Based on the qualitative outcomes of the expert meeting and the follow-up SWOT
analysis, we identified substantial additionality in a number of impact pathways of the
two methodological approaches of online GIS energy tools and remote training facilities
for scaling up PV deployment, especially in developing country settings. We believe that
using the two toolsets together creates synergies and additional growth in the following
impact pathways:

• In the case of the employment created by PV deployment, and in particular in the
development of policy-setting, the positive effects on employment can partially be
offset by the negative effects in the incumbent energy companies. The less-developed
the incumbent energy sector, the less effects on employment will be offset. Addition-
ally, the PV sector is usually characterised by a much higher women’s employment
percentage compared to fossil-based energy, therefore, we can also estimate positive
impacts in this regard.

• During remote teaching, potential local knowledge can be accumulated that, if col-
lected in an intelligent way, can be fed into the online tools and platforms. In turn,
these can be used in the remote learning curricula. Realizing these synergies could be
helpful for accelerating the socio-economic technological processes, adaptation and
behavioural changes that are essential to scale up the photovoltaics and achieve the
global climate-related goals overall.

• In the case of emission reduction potential and capacity growth, the experts also
pointed out the value of additionality effects, although it is difficult to make quantita-
tive projections of the level of these synergies.

The tools have already been important for the expansion of renewables in develop-
ment contexts and will become even more so as they can foster public acceptance, more
residential PVs, energy communities, rural electrification, citizen engagement, and limit
land-use competition.

The combination of remote learning and GIS and other tools (Africa Knowledge
Platform, Energy Industry Geography Lab [51], Environmental Insights Explorer [52]) in
synergies with Machine Learning, for the better analysis of resource potential and energy
demand, will shorten the planning and investment periods to reach the optimal energy
solutions. This could also help donors and international financing organizations set up
more efficient, higher accessibility electrification schemes for PV-based development (e.g.,
off-grid systems as well as city-level electrification).

Furthermore, the use of Artificial Intelligence is disrupting the status quo in many
domains, and we are convinced that this will also be the case for solar education and
energy-related tools. The opportunities and challenges in education are currently a hot
topic [53,54]. Machine Learning has already been used in the development of GIS planning
tools and solar radiation products [32,55–57], but the recent development of deep learning
models for image processing and publicly available large language models will facilitate
the use of these techniques and increase the range of possibilities for development, e.g.,
enable the production of solar cadastres at a large scale, enable the estimation of more
accurate predictions, increase the resolution of available data, etc. We are seeing, for
example, an increase in initiatives leveraging Machine Learning and Big Data techniques to
create building stocks at the European scale such as EUBUCCO [58] or DBSM [59], with
individual building footprints that can enable more accurate estimates of photovoltaic
potential at scale, especially combined with information on building height and orientation,
rooftop type, etc. These digital building stock models can be further used for disaster risk
management, the support of the development and assessment of policies related to energy
performance on buildings, and the analyses of different what-if scenarios.

7. Conclusions

In this perspective paper, we have focused on the role of education and decision-
support tools to speed up the deployment of photovoltaics. We have highlighted the
importance of PVs in the efforts towards climate neutrality and the current context where
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concepts like public acceptance, energy communities, or land limitation are gaining rele-
vance. We have showcased four initiatives in the context of education and science-based
open tools that are contributing to facilitating the increase of solar PV installations in
different ways: the solar programs at the DELF University of Technology, the solarCity
simulator of IRENA, the PVGIS of the European Commission, and the Atlas of renewable
energies in Benin. We have concluded with a qualitative SWOT analysis of both domains
to identify the concrete cooperation possibilities. Science-driven tools and remote teaching
were identified as two key sources of information creation and sharing domains that can
have some positive synergic effects to help accelerate the deployment of photovoltaics by
being mindful of local needs, providing adequate training, and helping increase the PV
skillset of the workforce.

We have shown how the popularity of some PV-related support tools is growing
in parallel with the growth of PV installations. Also, in recent years, the deployment of
decentralised PVs is gaining importance, and for this reason, we believe that the popularity
and impact of these tools and education initiatives, coupled with local expertise, will further
increase in the following years.

Additionally, the future with AI assistance, Big Data technologies, and the increasing
availability of more powerful computer resources should further accelerate this trend,
allowing for, e.g., the achievement of higher accuracy and automation levels for most
energy-related tools, which will help empower citizens and better inform decision-makers
on the topic.

While in this perspective paper and related COP27 side event we could only present
a limited number of examples in detail, we would like this to also serve as a motivation
for other researchers to share their experience with examples of science-based tools and
education for accelerating PV deployment.
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